Energy production from the cofiring of plant residue is optimized when ash content of the biomass is minimized. Combustion of bioenergy crop material to produce energy may provide a transition market as cellulosic bioethanol production systems are being developed. A study was conducted to quantify the ash content of switchgrass biomass at a whole-plant scale under four harvest timings and two general harvest/storage methods in the Northern Corn Belt/Great Lakes Region. Results showed that switchgrass ash content was significantly reduced when the biomass was left to overwinter in the field. Although overwintering maximized mineral nutrient retention in the field and produced the best quality biomass for cofiring, it was at the expense of harvest yield. Ash content was largely not significantly influenced by harvest timing during the fall. This suggested increased harvest timing flexibility that was not at the expense of soil nutrient retention. This would allow farmers a wider harvest window to maximize harvest yields. Results showed that harvest/storage method did not have a significant effect on ash content. This further suggested flexibility and adaptability to farmers and the bioethanol industry. This would give the flexibility to choose an appropriate storage method in the context of region-specific conditions without compromising on ash content and the potential for cofiring the biomass or lignocellulosic ethanol production byproducts.
Introduction
As energy demands continue to grow, the pursuit of developing and utilizing alternative sources of reliable and renewable energy continues to grow as a response to the future decline of available fossil fuels. Ethanol is currently the most popular liquid fuel alternative to fossil fuels. To date, most lignocellulosic biomass research has focused on developing energy efficient and sustainable systems that will process various forms of biomass into ethanol. Biomass contains cellulose and hemicellulose, two long chain polymers of monosaccharides, which are the primary component of plant cell walls. Already, much research has emphasized exposing and deconstructing these cellulosic components into their readily fermentable monosaccharide components, predominantly glucose and xylose. Switchgrass is widely considered to be the model perennial grass feedstock for lignocellulosic ethanol production (U.S. Department of Energy, 2011).
Various biomass feedstocks and co-products derived from cellulosic ethanol production can already be cofired with traditional fuel sources, such as coal, in electricity production (Tillman, 2000) . The remaining ligneous residue after hydrolysis and fermentation can be used as a combustion fuel source to power a cellulosic ethanol biorefinery with the possibility of selling surpluses to the electrical grid (Farrell et al., 2006; Lynd et al., 2009 ). This could not only help in the transition to a bio-based economy (Samson and Bano, 1998) , it can also make cellulosic ethanol production more efficient as a whole.
However, using lignocellulosic feedstock and ligneous residues for electricity generation has its challenges. The main problem with combustion of lignocellulosic material is that it can produce high amounts of ash as a waste product. The major obstacle in using herbaceous biomass material for heat and electricity generation is their unsuitability as efficient combustion material compared to hardwood largely due to their higher ash contents (table 1) . Clarke and Preto, 2011 Ash from grasses are typically made up of silica (1-4%), alkali metals (sodium and potassium) (0.2-2.0%), chlorine (0.01-0.5%), and sulfur (0.07-0.15%) (Cherney and Baker, 2006) . High silica, potassium, sodium, chorine, and sulfur contents of herbaceous feedstocks can combine to cause fouling and slagging of combustion systems when temperatures exceed the melting point of ash (Samson and Bano, 1998) . Fouling is deposition from ash materials that have vaporized and then condense in cooler regions of the furnace (Cherney and Baker, 2006) . Slagging is deposition of molten or highly viscous ash found in the flame section of a furnace. Both of these problems lead to destructive effects and severely decrease the lifespan of the furnaces at an electricity plant. The alkali metals in the ash, potassium and sodium, combined with the catalyst effect of chlorine, can react with the surface of the furnace and cause corrosion (Cherney and Baker, 2006) . If herbaceous feedstock or cellulosic ethanol production co-products are going to be used as a feedstock substitute in electricity production, there are a number of different strategies that can be taken to minimize ash content in order for them to be more suitable for combustion.
Harvest timing management is well established as an effective way in controlling ash content. Allowing switchgrass to senesce and translocate nutrients (particularly potassium and chlorine) back to their root crown will effectively reduce the ash content of the above ground biomass (Bakker and Elbersen, 2005; Cherney and Baker, 2006) . This effect is further promoted when the biomass is cut and allowed to undergo in-field leaching facilitated by environmental washing. Ash reduction is maximized if the biomass is overwintered in the field. However, this is usually at the expense of harvest yield loss caused by excessive leaf shattering (Samson and Bano, 1998) .
Impacts of harvest/storage method and long-term storage on herbaceous biomass ash content have generally been assumed to be small, as long as the biomass is stored at sufficiently low moisture content (< 20%) (Bakker and Elbersen, 2005) . Microbial degradation of the stored biomass causes loss of organic matter and subsequently increases ash content on a volumetric basis. However, specific effects of long term ensiling on total ash content have, so far, not been analyzed (Bakker and Elbersen, 2005) . If performed correctly, ensiling can preserve much of the biomass from microbial degradation due a lowering of pH caused by the build-up of lactic acid during the fermentation stage of ensiling. Thus, an ensiling storage technique may prove to be a viable alternative storage method for farmers and energy producers who wish to minimize total ash content.
Objective of Study
Energy production from the cofiring of plant residue is optimized when ash content of the biomass is minimized. The objective of this study was to quantify the ash content of switchgrass biomass at a whole-plant scale under four harvest timings and two general harvest/storage methods in the Northern Corn Belt/Great Lakes Region. Results of this research could aid bioenergy conversion facilities in choosing raw biomass or lignocellulosic ethanol production byproducts that have the lowest ash contents. Additionally, results of this study serve to expand knowledge on how harvest/storage methods impact ash content.
Materials & Methods

Site Description and Experimental Design
Switchgrass Stand Establishment
Beginning in the fall of 2006, a field experiment site was established at the Michigan State University Agronomy Research Farm in East Lansing, Michigan (42°42'52" N 84°27'57" W). Soils consisted predominantly of Capac loam (USDA Web Soil Survey). The site was tilled using a conventional chisel plow tillage system in the fall of 2006 and was further conditioned twice over with a field cultivator in the spring of 2007 to ensure a flat, weed-free seed bed. The upland switchgrass cultivar 'Cave-In-Rock' was then seeded at a rate of 9 kg ha -1 using a double roller seeder (Brillion Iron Works, Brillion, WI) to about a 1.25 cm depth. The switchgrass was allowed to establish for three years. The switchgrass was cut and removed during the establishment years once senescence and a killing frost (-2.2 °C) had occurred to allow mineral nutrients to return to the root crowns and soil.
Weed Control
Weed control was most important during the establishment phase because broad leaf weeds and grasses could out-compete switchgrass seedlings if not controlled (Parrish et al., 1999) . Weeds were controlled during the establishment phase with a tank mixture of S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-[(1S)-2-methoxy-1-methylethyl] acetamide) and atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) at rates of 1.3 and 1.8 kg ha -1 , respectively. Weeds were not chemically controlled after the establishment phase was completed.
Fertilization & Nutrient Management
Due to potential weed competitiveness during switchgrass establishment, the site was not fertilized during the establishment year. The site was fertilized with granular urea (46-0-0 NPK) at a rate of 78.5 kg N ha -1 during the spring green-up in the years after the first establishment year. Environmental washing of a majority of the remaining mineral nutrients to the soil due to winter precipitation. Low moisture content (< 10%). Ash content is potentially the lowest because mineral nutrient translocation is maximized.
Description of Study Variables
Variable #1: Harvest Timing
Four harvest timings were chosen in order to observe how various harvest timings throughout the harvest period in the Northern Corn Belt/Great Lakes region affect switchgrass biomass ash content. Table 2 , below, outlines the four harvest timings and describes the specific details associated with each timing.
Variable #2: Harvest/Storage Method
Two general harvest/storage methods are suitable for collection of switchgrass biomass. Investigation of these two general harvest/storage methods served to provide new insights into minimizing the ash content of feedstock at the production end of a cellulosic ethanol production system. In order to investigate the impact that these harvest/storage methods have on ash content, the biomass was stored for six months in order to model the effects of long term storage. Additionally, pre-storage biomass was retained to act as a control in ash content analysis. Table 3 , below, outlines the two harvest/storage methods and describes the specific details associated with each method. This harvest and storage method is ideal for biomass with low moisture content. It is a multiple-pass harvest system, requiring more harvest management input. Ash content is potentially reduced due to environmental washing of mineral nutrients from the cut biomass during the biomass drying period. However, raking operations can increase ash content due to soil contamination. Since the bales in the study are stored indoors, the ash content most likely was not affected during the storage period. Chop/Ensile Biomass is directly chopped with a forage harvester at high moisture content (> 50%). It is blown directly into a silage cart and immediately compacted in piles or bunker silos and allowed to ensile. It is kept covered until further processing.
This harvest and storage method is ideal for biomass with high moisture content. It is a one pass harvest system that requires relatively less harvest management input. Ash content is potentially decreased due to fewer field operations but could be increased due to respiration during ensiling which would concentrate the ash during storage.
Experimental Design
In the spring of 2010, the experimental design was marked off within the established switchgrass field. The experimental design was a randomized complete block design (RCBD) with four replications (blocks). The main plot variable was harvest timing. The sub-plot variable was harvest/storage method. The sub-plot variable could not be randomized within the main plots because the chop/ensile harvest system requires a minimum 3.66 m wide harvest clearance, whereas the sub-plots were only 3.05 m wide. See fig. 1 , below, for a complete visual description of the experimental design. 
Harvest, Storage, & Sampling
When weather permitted, the sub-plots were harvested within each main plot according to their harvest/storage method during the harvest timings.
The cut/bale sub-plots were harvested using a custom built plot windrower (Swift Machine and Welding Ltd., Swift Current, SK, Canada) with a 1.52 m wide cutter head, set at an 18 cm cutting height, to cut the switchgrass into two windrows. Because of the small plot size, the biomass was hand raked into one windrow and was flipped in a manner simulating field raking as needed over Moisture content was recorded for each bale by drying samples in forced-air oven at 66 °C until a constant mass was achieved. The bales were stored indoors for six months without any disturbance. The bales were then sampled. The samples were dried and their moisture content was recorded. The dry samples were ground through a 1.0 mm screen in a Christy-Norris mill (Christy and Norris Limited, Chelmsford, England). The samples were retained and stored in a -20 °C freezer until further ash content analysis.
The chop/ensile sub-plots were harvested with a Hesston 7650 forage harvester (Hesston Co., Hesston, Kansas) equipped with a 3.66 m wide chopper head, set to an 18 cm cutting height, and a collection bin. The collection bin was emptied after each sub-plot harvest and the chopped biomass was immediately sampled. A fraction of the sample was dried in a forced-air oven at 66 °C. This dry biomass was retained and used as an at-harvest (fresh processed) control for ash content comparison after baled and ensiled biomass came out of storage. This biomass was ground through a 1.0 mm screen in a Christy-Norris mill (Christy and Norris Limited, Chelmsford, England). The ground biomass was retained and stored in a -20 °C freezer until further ash content analysis. The remaining fraction was ensiled at its harvest moisture content. The biomass was packed into a food vacuum bag and was evacuated of its air to simulate farm-scale ensiling conditions. The vacuum bags were stored indoors for six months without any disturbance. After six months, the vacuum bags were unsealed and the biomass was dried. The dry silage was ground through a 1.0 mm screen in a Christy-Norris mill (Christy and Norris Limited, Chelmsford, England). The ground silage was retained and stored in a -20 °C freezer until further ash content analysis.
Ash Content
Ash content was measured using a standard method developed by the National Renewable Energy Laboratory (NREL) (Sluiter et al., 2005) . Pre-ashed porcelain crucibles were filled with 0.5 to 1.0 grams of the ground switchgrass biomass. Moisture contents were obtained for each switchgrass sample. The crucibles were then placed in a 575 °C muffle oven for at least 3 hours. The samples were weighed and then ashed in one hour intervals until the weight of the crucibles remained constant. The crucibles were stored in a desiccator when they were not being weighed. The ash content was then calculated and reported as percentage of dry biomass.
Statistical Analysis
Ash content testing was performed in triplicate. Data were analyzed using PROC MIXED in SAS 9.2 (2009, SAS Institute Inc., Cary, NC, USA). Analysis of variance (ANOVA) was conducted to measure the treatment effects on ash content. Harvest year, harvest timing and harvest/storage method were treated as fixed effects while blocking was considered to be a random effect. Initially, harvest year was assumed to be a random effect, but upon evaluation, harvest year had obvious nonrandom effects and was chosen to be treated as a fixed effect. Regardless, this change had no effect on the ANOVA results. Normality of the residuals and homogeneity of variances were evaluated by examining normal probability plots and box plots. Fisher's protected least significant difference (LSD) multiple comparison procedure was used for mean separation when ANOVA was significant (Saxton, 1998) . Results were reported as statistically significant at α = 0.05.
Results and Discussion
Climatological Summary
Mean monthly air temperatures in East Lansing did not vary considerably between the study years, but they tended to be higher compared to the monthly mean over the last 30 years, especially during the switchgrass growth phase (table 4) . Every monthly temperature mean, for all three study years during the switchgrass growth phase, was higher compared to the monthly 30 year average. The first killing frost (-2.2°C) dates for the 2010/11, 2011/12, and 2012/13 study years were: November 1, October 28, and November 4, respectively.
Table 4
Monthly precipitation (cm) and mean temperatures (°C) during the study years compared to the 30-year means . The 30-year averages were obtained from NOAA.
Weather data were obtained via the Michigan State University Enviro-Weather Station located 0.9 km from the field site.
The 2010/11 and 2012/12 study years tended to be drier, while the 2011/12 study year tended to be average when compared to the 30-year mean (table 5) . The 2010/11 study year was 19.9% drier and 2012/13 was 20.8% drier compared to the 30 year mean, while 2011/12 was essentially the same (0.1% drier). Additionally, the total precipitation during the switchgrass growth phase during the 2010/11 and 2012/13 study years were considerably lower (20.2% and 45.7%, respectively) while during the 2011/12 study year was considerably higher (20.0%) compared to the 30-year mean ( (table 4) . Finally, 2012/13 displayed very severe drought conditions throughout the growth phase (May-August). Each month was significantly drier compared to the 30-year means (table 4) . Drought related stress responses were observed for this study year. Table 5 Total growth phase (May-August) and yearly (May-April) precipitation (cm) during the study years compared to the 30-year means . Weather data were obtained via the Michigan State University Enviro-Weather Station. The station was located 0.9 km away from the field site. The 30-year averages were obtained from NOAA.
Soil Nutrient Content
Soil nutrient content was recorded in the fall of 2013 after the study was completed. Statistical differences due to harvest timing were not observed for any of the key soil nutrients (table 6) . 
Harvestable Yield
For the 2010/11 and 2012/13 season there was no significant difference in harvestable yield between the early, mid, and late fall harvest timings ( fig. 2) . However, overall, there was a trend for harvestable yield to decline later in the fall harvest season and in the 2011/12 study year, the early fall harvest time had a statistically significant greater harvestable yield than the mid and late fall harvest timing. The trend for a decline in harvestable yield as the fall harvest season progresses can be attributable to nutrient translocation and leaf drop as the plants progress through normal senescence. In all three study years, the spring harvest time resulted in significantly less harvestable biomass remaining in the field. Respectively, the reduction in harvestable biomass yield was 21, 42, and 32% for the 2010/11, 2011/12 and 2012/13 seasons. In addition to normal senescence, environmental factors such as plant lodging due to snowfall accumulation and physical leaching of cell contents following freezing and rupturing of cell walls contribute to the reduction in harvestable yield as biomass overwinters in the field.
The most significant observation during the 2012/13 season was how the drought conditions during the growth phase of the switchgrass ( fig. 2 ) had a significant impact on the total harvestable biomass. Harvestable yield during the 2012/13 drought was significantly less than the harvestable yield for both the 2010/11 and 2011/12 study years. This observation made it evident that drought resistant characteristics of switchgrass only protected potential harvest yields to a point. Beyond that point, the switchgrass shifted to a survival mode instead of continuing to add above ground biomass during extreme drought. However, the switchgrass did perform well under mild drought conditions during the 2010/11 study year. Most harvest yields were statistically the same or even higher than harvest yields during the 2011/12 study year ( fig. 2 ), which had above average rainfall during the growth phase. Recovering high biomass yields is a top priority for switchgrass lignocellulosic feedstock production regardless of the downstream processes. The quantity of recoverable lignocellulosic biomass produced per unit area determines the potential energy Harvest Year/Harvest Timing production capacity and the amount of land required to produce the feedstock that will be converted into cellulosic biofuel (McKendry, 2002) .
Ash Content
Ash contents were reported as percent of dry switchgrass mass. Statistical difference between ash contents due to a three way interaction between year, harvest timing, and harvest/storage method (P = 0.0692) was not observed. Statistical difference due to interactions between harvest timing and harvest/storage method (P = 0.1782) and harvest year and harvest/storage method (P = 0.7056) were not observed. Statistical difference due to an interaction between harvest year and harvest timing (P = 0.0004) was observed ( fig. 3 ). Harvest/storage method was not a significant factor in ash content. For all harvest years, ash content tended to decrease successively during the fall harvest timings ( fig. 3 ). All decreases were not significant except during the 2011 fall harvest year. In 2011, ash content for the early fall harvested biomass was significantly higher compared to the mid and late fall harvested biomass ash contents. This might have been due to the fact that the biomass was harvested at an earlier date within the early fall harvest window. Although there were slight decreases in mean ash contents, the data suggested that ash content decreased no more than one half of a percent between the first and last fall harvest for a given year. Mineral nutrient translocation was not significantly greater later into the harvest season. Soil nutrient analysis data concurred with this conclusion (table 6) .
For all harvest years, ash content of spring harvested biomass was significantly lower compared to the fall harvested biomass ash content ( fig. 3 ). This suggested that overwintering switchgrass does One significant observation was that all the ash contents during the 2012/13 harvest year were significantly higher than the corresponding ash contents in the other two harvest years. This may have been due to a combination of reasons. First, both significantly lower plant moisture contents and lower cumulative precipitation during the harvest period (table 4) might have resulted in less nutrient translocation and environmental washing, respectively. Second, drought conditions during the 2012/13 study year (table 5) may have increased the switchgrass leaf to stem ratio (Undersander, 2012) . Silica is predominantly found in the leaves of switchgrass (Samson and Bano, 1998; Cherney and Baker, 2006) and it makes up the majority of ash and largely remains in the biomass (Cherney and Baker, 2006) . Therefore, biomass with a higher leaf to stem ratio, caused by severe drought conditions, would, have higher ash content. Overall, severe drought conditions have a negative impact on switchgrass feedstock both quantitatively and qualitatively.
Harvest/storage method and storage technique did not have a significant effect on ash content. These results suggest that both baling (low moisture) and ensiling (high moisture) storage equally and effectively limited any potential increase in ash content from their pre-storage (harvest) levels.
Conclusion
Results showed that switchgrass ash content was significantly reduced when the biomass was left to overwinter in the field. Although overwintering maximized nutrient retention in the field and produced the best quality biomass for cofiring, it came at the expense of an average 32% reduction in harvestable yield. Ash content was largely not significantly influenced by harvest timing during the fall. This result suggests increased harvest timing flexibility that is not at the expense of soil nutrient retention. This allows farmers a wider harvest window to maximize harvest yields. Results showed that harvest/storage method and storage technique did not have a significant effect on ash content. This further suggests flexibility and adaptability to farmers and the bioethanol industry. This gives the flexibility to choose an appropriate storage method in the context of region-specific conditions without compromising on ash content and the potential for cofiring the biomass or lignocellulosic ethanol production byproducts.
